binding domain. [1] [2] [3] The name regucalcin was proposed for this Ca 2ϩ -binding protein, which may regulate Ca 2ϩ effects on liver cell function. 4, 5) In recent years, regucalcin has been demonstrated to play a multifunctional role as a regulatory protein in intracellular signaling processes in many cells. 6, 7) The regucalcin gene is highly conserved in vertebrate species 8) and is localized on chromosome X. 9, 10) AP1 and NFI-A1 have been found to be transcriptional factors for the enhancement of regucalcin gene promoter activity. [11] [12] [13] Regucalcin mRNA and its protein levels are present in the liver and kidney cortex. 14, 15) The expression of regucalcin mRNA is mediated through the Ca 2ϩ -signaling mechanism. 16, 17) Regucalcin has been demonstrated to play an important role in the regulation of cellular function. Regucalcin has an inhibitory effect on Ca 2ϩ -dependent protein kinases, 18, 19) protein phosphatases, 20, 21) and nitric oxide synthase 22, 23) in liver, kidney cortex and brain tissues. Regucalcin suppresses cell proliferation in regenerating rat liver and cloned hepatoma cells by inhibiting DNA and RNA syntheses in the nucleus, [24] [25] [26] indicating that the protein has a suppressive effect on the overexpression of cell proliferation which is related to signal stimulation. Moreover, a recent study has shown that overexpression of regucalcin suppresses cell death and apoptosis induced by stimulation of intracellular signaling-related factors in cloned rat hepatoma H4-II-E cells. 27) Regucalcin has been proposed to play a physiologic role in the maintenance of homeostasis of the cellular response to cell stimulation. 27) Superoxide dismutase (SOD) plays an important role in the removal of superoxide radicals that induce cell death and apoptosis. The effect of regucalcin in the regulation of SOD activity in the cytoplasm of rat liver has not been clarified so far. This study was undertaken to determine the effect of regucalcin on SOD activity in rat liver cytosol. We found that regucalcin increases SOD activity in the liver cytosol of rats.
MATERIALS AND METHODS

Chemicals
Xanthin oxidase (100 units; from a microorganism), hydroxylamine, hypoxanthine, N-ethylmaleimide (NEM), and dithiothreitol (DTT) were purchased from Sigma (St. Louis, MO, U.S.A.). Other chemicals were obtained from Wako Pure Chemical Industries (Osaka, Japan). All water used was glass distilled.
Animals Male Wistar rats (4 weeks old) were obtained commercially from Japan SLC Inc. (Hamamatsu, Japan). The animals were fed commercial laboratory chow (solid) containing 57.5% carbohydrate, 1.1% calcium, and 1.1% phosphorus at a room temperature of 25°C and were allowed distilled water freely.
Isolation of Regucalcin Regucalcin was isolated from rat liver cytosol, where it markedly expressed. 14, 15) The livers were perfused with Tris-HCl buffer (pH 7.4, containing 100 mM Tris, 120 mM NaCl, 4 mM KCl, cooled to 4°C). The livers were removed, cut into small pieces, and suspended in a ratio of 1 : 4 (weight : volume) in Tris-HCl buffer (pH 7.4). The homogenate was spun at 5500 g in a refrigerated centrifuge for 10 min, and the supernatant was spun at 105000 g for 60 mim. The resulting supernatant was heated at 60°C for 10 min and recentrifuged at 38000 g for 20 min. Regucalcin in the supernatant was purified to electrophoretic homogeneity by gel filtration on Sephadex G-75 and G-50 columns, followed by ion-exchange chromatography on diethylaminoethyl (DEAE)-cellulose, as reported previously.
1)
Preparation of Liver Cytosol The removed livers were washed with ice-cold 0.25 M sucrose solution and immediately frozen. The liver was cut into small pieces, suspended 1 : 4 (weight : volume) in 0.25 M sucrose solution, and homogenized in a Potter-Elvehjem homogenizer with a Teflon pestle. The homogenate was spun at 5500 g in a refrigerated centrifuge for 10 min to remove mitochondria. The 5500 g supernatant was spun at 105000 g for 60 min, and the supernatant fraction (cytosol) was pooled to assay SOD activity. The cytosolic protein concentration was determined using the method of Lowry et al.
28)
Assay of SOD Activity The activity of SOD was deter-
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Yuko FUKAYA and Masayoshi YAMAGUCHI* Key words regucalcin; superoxide dismutase; zinc; copper; rat liver cytosol mined spectrophotometrically using the cytosolic fraction. 29, 30) SOD activity was assayed in a reaction mixture containing 5.0 mU/ml xanthine oxidase, 0.2 mM hydroxylamine, 0.2 mM hypoxanthine, and buffer solution (20.8 mM KH 2 PO 4 and 15.6 mM Na 2 B 4 O 7 , pH 8.2) with or without the cytosolic fraction (containing 200-220 mg of protein). This mixture (1.0 ml) was incubated for 30 min at 37°C. The reaction was stopped by the addition of 2.0 ml of coloring reagent with a final concentration of 300 mg/ml sulfanilic acid, 5 mg/ml N-1-naphthylethylenediamine, and 16.7% acetic acid. The final mixture was allowed to stand for 20 min at room temperature, and optical absorption was measured at 550 nm. SOD activity in cytosolic protein was estimated by subtracting the activity obtained without cytosolic protein addition to exclude the effect of various reagents on xanthine oxidase activity.
Statisitical Analysis Data are expressed as meanϮ S.E.M. Statistical differences were analyzed using Student's t-test. A p-value of Ͻ0.05 was considered to indicate a statistically significant difference. Also, we used a multiway ANOVA multiple-comparison test to compare the treatment groups.
RESULTS
The effect of zinc, copper, or calcium on SOD activity in the cytosol of rat liver was examined (Fig. 1) . The presence of zinc sulfate (10 Ϫ6 or 10 Ϫ5 M) in the enzyme reaction mixture caused a significant increase in SOD activity (Fig. 1A) . The enzyme activity was significantly increased by the addition of cupric sulfate (10 Ϫ6 M), while it was significantly decreased in the presence of 10 Ϫ5 M cupric sulfate (Fig. 1B) . Meanwhile, the addition of calcium chloride (10
did not have a significant effect on SOD activity (Fig. 1C) . SOD activity was significantly decreased in the presence of 10 mM KCN (data not shown). These results indicate that Cu/Zn-SOD may be present in the liver cytosol.
The effect of regucalcin on SOD activity in the cytosol of rat liver is shown in Fig. 2 . The addition of regucalcin (0.1, 0.25, or 0.5 mM) caused a significant increase in SOD activity in rat liver cytosol. The addition of regucalcin (0.1, 0.25, or 0.5 mM) to the reaction mixture without liver cytosolic protein did not have a significant effect on the production of NO 2 (data not shown). The effect of regucalcin in increasing SOD activity was seen at a physiologic level in rat liver. However, the effect of endogenous regucalcin in the enzyme reaction mixture on SOD activity was unknown. Regucalcin (0.5 mM) also caused a significant increase in SOD activity in the presence of zinc sulfate (l0 Ϫ6 M) or cupric sulfate (l0
(data not shown). The effect of DTT or NEM on the regucalcin-induced increase in SOD activity in rat liver cytosol was examined. SOD activity was significantly decreased by the addition of DTT (0.1, 0.5, or 1.0 mM) in the reaction mixture (Fig. 3A) . The effect of regucalcin (0.25 mM) in increasing SOD activity was not seen in the presence of DTT (1.0 mM) (Fig. 3B) .
The effect of NEM on SOD activity in rat liver cytosol is shown in Fig. 4 . SOD activity was significantly increased in the presence of NEM (0.5 or 1.0 mM) in the enzyme reaction mixture (Fig. 4A) . The regucalcin (0.25 mM)-induced increase in SOD activity was also observed in the presence of NEM (1.0 mM) (Fig. 4B) . 
DISCUSSION
This study demonstrated for the first time that regucalcin has an activating effect on SOD in rat liver cytosol, suggesting that regucalcin may play a role in the cellular function involved in SOD activity.
The effect of regucalcin in increasing SOD activity in rat liver cytosol was not seen in the presence of DTT, a protecting reagent for the sulfhydryl group, which caused a significant decrease in the enzyme activity. Meanwhile, the activating effect of regucalcin on SOD was also observed in the presence of NEM, a modifying reagent, in the enzyme reaction mixture. NEM increased SOD activity significantly. Presumably, the effect of regucalcin in increasing SOD activity in rat liver cytosol does not involve the sulfhydryl groups of SOD. It is speculated that regucalcin binds to SOD and then it activates the enzyme.
SOD activity in rat liver cytosol was significantly increased by the addition of zinc sulfate or cupric sulfate to the enzyme reaction mixture, indicating that Cu/Zn-SOD may be present in the cytosol. Whether regucalcin increases the activity of both Cu/Zn-SOD and/or Mn-SOD in rat liver cytosol is unknown. It is possible, however, that regucalcin activates Cu/Zn-SOD or Mn-SOD in the liver cytosol, although this remains to be elucidated.
SOD plays an important role in the prevention of cell death and apoptosis. The decrease in Mn-SOD activity is associated with increased mitochondrial oxidative damage, as demonstrated by a decrease in the activities of iron sulfhydryl proteins sensitive to oxidative stress. 31) Overexpression of Mn-SOD prevents alcohol-induced liver injury in rats. 32) It has been shown that interferon-a increases the protein levels of Cu/Zn-SOD as well as the enzyme activities of glutathione peroxidase, which decrease the lipid peroxidation product levels in stressed hepatocytes. 33) Meanwhile, nitric oxide has a role in the control of O 2 consumption in rats. 34) Regucalcin has been shown to have an inhibitory effect on nitric oxide synthase activity in rat liver cytosol. 22) Production of superoxide radicals is widely accepted to cause cell damage. Presumably, regucalcin participates in controlling the production of superoxide radicals in the liver cells of rats. Regucalcin has been shown to bind to subcellular components in liver cells, 23, 35) and the protein has a highly hydrophilic character.
3) This may be involved in the multifunctional role of regucalcin in cells.
In conclusion, it has been demonstrated that regucalcin has an activatory effect on SOD in the liver cytosol of rats.
